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1 Introduction 



The Standard Model (SM) is a gauge theory, based on the group SU{3)c ® SU{2)l ® f/(l)y, 
which describes strong, weak and electromagnetic interactions, via the exchange of the cor- 
responding spin-1 gauge fields: 8 massless gluons and 1 massless photon for the strong and 
electromagnetic interactions, respectively, and 3 massive bosons, and Z, for the weak in- 
teraction. The fermionic-matter content is given by the known leptons and quarks, which are 
organized in a 3-fold family structure: 
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plus the corresponding antiparticles. Thus, the left-handed fields are SU{2)l doublets, while 
their right-handed partners transform as SU{2) l singlets. The 3 fermionic families in Eq. ( |1.1| ) 
appear to have identical properties (gauge interactions); they only differ by their mass and 
their flavour quantum number. 

The gauge symmetry is broken by the vacuum, which triggers the Spontaneous Symmetry 
Breaking (SSB) of the electroweak group to the electromagnetic subgroup: 
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The SSB mechanism generates the masses of the weak gauge bosons, and gives rise to the 
appearance of a physical scalar particle in the model, the so-called "Higgs" . 

The SM constitutes one of the most successful achievements in modern physics. It provides 
a very elegant theoretical framework, which is able to describe all known experimental facts in 
particle physics. 

These lectures provide an introduction to the electroweak sector of the SM, i.e. the SU (2)/,® 
U{1)y part (the strong SU{3)c piece is discussed in Ref. 0). Sects, ^and |]describe some 
experimental and theoretical arguments suggesting the structure presented above [Eqs. ( |1.1|) 
to ( |1.3| )] as the natural model for describing the electroweak interactions. The power of the 
gauge principle is shown in Sect. |, in the simpler QED case. The SM framework is presented 
in Sects. H, || and H, which discuss the gauge structure, the SSB mechanism and the family 
structure, respectively. Some further theoretical considerations concerning quantum anomalies 
are given m Sect. 0. Sects. | to |l| summarize the present phenomenological status of the SM. 



A few comments on open questions, to be tested at future facilities, are flnally given in Sect. [13. 



2 Low-Energy Experimental Facts 

2.1 — > e'l'eV^i decay 

Let us parametrize the 3-body decay of the muon by a general local, derivative-free, 4-fermion 
Hamiltonian: 

Kff = E C [{^,)xT^iiJ\ . (2.1) 



Here, e, uj, ct, A denote the chiralities (left-handed, right-handed) of the corresponding fermions, 
and n labels the type on interaction: scalar (/), vector (7^^), tensor (a'^'^). For given n, e, cu, the 
neutrino chiralities a and A are uniquely determined. 

The couplings (7"^ can be determined experimentally, by studying the energy and angular 
(with respect to the /i~-spin) distribution of the final electron, the e~ polarization, and the 
cross-section of the related v^e' — >• /i~t'e process. One finds[| that the decay amplitude involves 
only left-handed fermions, with an effective Hamiltonian of the V — A type: 

Heff = ^ [e7"(l - 75)^e] [^,la{^ ' • (2.2) 

The so-called Fermi coupling constant G^? is fixed by the total decay width, 
1 Gl.m^ f m'^\ 

- = r(/i- - e-u^u,) = (1 + 5qed) / FI , (2.3) 
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where f{x) = 1 - 8x + Sx^ - - Ux'^lnx, and 5qed = ^ (f " ~ -0.0042 takes 
into account the leading radiative QED corrections [^. From the measured lifetime [§], = 
(2.19703 ± 0.00004) x lO'^ s, one gets the value 

Gp = (1.16639 ± 0.00002) x 10"^ GeV-^ ^ ^^gg ^.^yy ■ (2-4) 
2.2 Beta decay 

The weak transitions d — ^ ue~Ue and u de^Ue can be studied through the corresponding 
hadronic decays n pe~Ue and p ne^Ve-, where the last process can only occur within a 
nuclear transition because it is kinematically forbidden for a free proton. The experimental 
analysis of these processes shows that they can be described by the effective Hamiltonian 

T-Ces = ^ [P7"(l - ^^75)?^] [e7a(l - 75)l^e] , (2.5) 

where [§] 

G^^=o ^ 0.975 Gf, = 1.2573 ±0.0028. (2.6) 

The strength of the interaction turns out to be approximately the same as for fi decay and, 
again, only left-handed leptons are involved. The strong similarity with Eq. (|2.2|) suggest a 
universal (same type and strength) interaction at the quark-lepton level: 

qAS=Q 

Heff = [ur{l - 75)d] [e7a(l - . (2.7) 

In fact, the conservation of the vector current, 5^ (u'-f'^d) = 0, implies {p\u'~f^d\n) = p'-y^n at 
= 0; i.e. strong interactions do not renormalize[] the vector current. However, the axial- 
current matrix elements do get modified by the QCD dynamics. Thus, the factor qa can be 

* The most recent analysis finds that the probabihty of having a left-handed /i~ decaying into a left-handed 
e" is bigger than 95% (90% CL). 

^ This is completely analogous to the electromagnetic-charge conservation in QED: the conservation of the 
electromagnetic current implies that the proton electromagnetic form factor does not get any QED or QCD 
correction at = 0, and, therefore, Q{p) — 2Q{u) + Q{d) — \Q{e)\. 



easily understood^ as a QCD effect. The interaction ( |2.7| ) correctly describes the weak decay 
7r+ ^ 7r°e+z/e (Br = (1.025 ± 0.034) x 10"^ [g). 



2.3 Tx- l-vi 

One finds experimentally that the final charged lepton in the 2-body 7r~ decay is always right- 
handed. By angular-momentum conservation, the vi is also right-handed. If one assumes that 
only left-handed leptons (and right-handed anti-leptons) participate in the weak interaction, 
the decay should be forbidden in the limit of zero lepton massess (helicity is then a 

good quantum number). The interaction ( p.TD predicts in fact a strong helicity suppression of 
these decays 0, 

R,/^ = ^ = ^ 1 + 5 = 1.2352 ±0.0005 x W-\ 2.8 

r{7i- ^ m2(l-m2/m2)2 

in excellent agreement with the measured ratio Re/^ = (1.230 ± 0.004) x 10""^ [|]. 

2.4 Neutrino flavours 

If the two neutrinos produced in the fi~ e'v^Ve decay had the same lepton flavour, i.e. 

= J^n, one could contract the two neutrino legs in Eq. (|2.2|) and generate (provided one is 
able to make sense of the divergent neutrino loop!) a /i~ — >■ e~7 transition, by simply radiating 
a photon from the charged- lepton lines. The strong experimental upper-limit on this decay [g , 
Br(yU~ — > e~7) < 4.9 x 10~^^ (90% CL), provides then significant evidence of the existence of 
different neutrino flavours. 

A direct experimental test can be obtained with neutrino beams. The decay vr" —>■ fi~iy^ 
can be used to produce a z/^ beam, out of a parent beam of pions. Studying the interactions of 
this neutrino beam with matter, one observes |]lOl that only fi~^ are produced, but not e"*": 



u^X-^fi+X', u^X^e+X'. (2.9) 

Analogously, a beam of Ve produces but never /x"*". Therefore, the neutrino partners of the 
electron and the muon are two different particles: Vf.^v^. 

2.5 AS* = 1 transitions 

The analysis of strangeness-changing decays \K {n)l^h'i, A — > pe~Ue, ■ ■ ■] shows that: 

• The weak interaction is always of the V — A type. 

• The strength of the interaction is the same in all decays; however, it is smaller than the 
one measured in AS' = processes: 

G^^=^ ^ 0.22 Op. (2.10) 

• All decays satisfy the AS = AQ rule [i.e. decays such as S"*" —>■ ne^Ve or n^l^ui 
never occur], as expected from as—*- ul~ui transition. 



t The conservation of the vector and axial currents is associated with the chiral symmetry of the QCD 
Lagrangian Chirahty is however not respected by the QCD vacuum. The SSB of the axial generators gives 



rise to massless Goldstone bosons (see Sect. 3.1), the pions, which couple to the axial currents. One can easily 
derive the approximate (Goldberger-Treiman) relation: gA ~ gTvNNf-n/Mi^ « 1.3, where g-^NN is the strength 
of the ttNN interaction and (= 92.4 MeV) the pion decay constant. 



2.6 The V - A model 



All previous experimental facts can be nicely described by the Hamiltonian: 

H = ^J%, (2.11) 

where 

J/^ = ^^/^(i_^5)[cosect^ + sinM + ^e7''(l-75)e + i^;.7^(l-75)/i. (2.12) 

Thus, at low-energies, weak transitions proceed through a universal interaction (the same for 
all fermions), involving charged-currents only. The different strength of hadronic AS" = and 
AS" = 1 processes can be simply understood [11| as originating from the mixing angle Oc-, 



defined as sin^c* = ^ /Gp ~ 0.22. Thus, the weak partner of the up-quark is a mixture of 
d and s. Note, that cos 6'c ~ 0.975 in agreement with Eq. (|2.6|) . 

3 High-Energy Behaviour 



At high energies, the Hamiltonian ( |2.11| ) cannot be a correct description of weak interactions. 



There are two fundamental problems with the V — A interaction: 

1. Renormalizability: Higher-order (loop) transitions such as v^e^ Ai^z/g are 
divergent [T ~ / d'^k (1/A;^) = c>o]. Ultraviolet loop divergences also occur in well-behaved 
Quantum Field Theories like QED; but, there, all infinities can be eliminated through 
a redefinition of parameters (renormalization), so that measurable quantities are always 
finite. The problem with the interaction ( |2.11| ) is that it is non-renormalizable: it is 
impossible to eliminate all infinities by simply redefining the parameters and fields. 

2. Unitarity: Even at tree-level, the V — A Hamiltonian predicts a bad high-energy be- 
haviour. Since Gi? is a dimensionful quantity {[Gp] = M~'^), the interaction ( |2.11| ) gives 
rise to cross-sections which increase with energy: 

a{ui,e' ^ fi'Ue) ^ Gps/7T . (3.1) 

At large values of s, unitarity is clearly violated (the probability of the transition is bigger 
than 1). The unitarity bound a < Itx j s is only satisfied if s < \/2'k/Gf ~ (617 GeV)^. 

Therefore, the succesful V — A model can only be a low-energy effective theory of some more 
fundamental dynamics. 

3.1 Intermediate Vector Boson hypothesis 

In QED the fundamental 7ee interaction generates 4-fermion couplings through 7-exchange. 
However, since the photon is massless, the resulting eeee interaction is non local; the photon 
propagator gives rise to a long-range force, with an amplitude T ~ a/q^. Since weak interactions 
are short-range, we would rather need some massive object to play the role of the photon in 
QED. If one assumes []T2[ that the charged current couples to a massive spin-1 field VF^, 



^ = ^ {J'K + h-c.) , (3.2) 

the V — A interaction can be generated through ly-exchange. At energies much lower than the 
W mass, the vector-boson propagator reduces to a contact interaction. 



Figure 1: /i-decay diagram. Figure 2: v^e fi z/g through exchange. 



Eq. (|2.11| ) is then obtained with the identification 

g' G 



(3.4) 



In order to have a perturbative couphng, i.e. < 1, the massive intermediate boson should 
satisfy Mvk < 123 GeV. 

The interaction (|3.2|) gives rise to a better high-energy behaviour for vl~ z//~, 



a^e-^/i-i/e) ~ G^M^/tt. (3.5) 

Although there is still a violation of unitarity, the cross-section does not grow any longer with 
energy. However, the unphysical rise of the cross-section reappears now in those processes 
where longitudinal W bosons are produced: 

a{u,u,^WtWl) ™ s- a{e+e-^WtWl) ™ s. (3.6) 

The origin of the problem can be better understood analyzing the 1-loop box amplitude 
T(e+e^ W^W~ e'^'e"), where the W fields appear virtually [the absorptive part of 
this amplitude is related to the e^e~ W^W~ production process]. The bad high-energy 
behaviour stems from the q^q^, piece of the W propagators, which gives rise to a quadratically 
divergent loop integral [T ~ / d'^q/q^ = oo]. A similar diagram exists in QED, with photons 
instead of W^s; however, the conservation of the electromagnetic current, g'/^J^ = 0, makes 
those q'^ contributions harmless. The absence of this problem in QED is related to the associated 
gauge symmetry [see Sect. ^, which requires a massless photon. 

A possible way out would be the existence of an additional contribution to the W^W~ 
production amplitudes, which cancels the rising of the cross-section at large energies. In fact, 
since the W^s have electric charge, one should also consider the s-channel contribution e+e~ — > 
7 — > W^W~ , which gives rise to a similar cr ~ s behaviour. The bad high-energy behaviour 
could be eliminated from the sum of the weak and electromagnetic amplitudes, provided that 
the weak coupling g and the electromagnetic coupling e are related; this points towards some 
kind of electroweak unification. However, even if one succeeds to realize this cancellation, the 
problem still remains in the i/gZ^e W^W~ production amplitude, because the photon does 
not couple to neutrinos. 

3.2 Neutral currents 



The high-energy cancellation can be realized introducing an additional neutral intermediate 
boson Z, which couples both to neutrinos and charged leptons. By cleverly choosing the Z 



mass and couplings, it is possible to obtain a cancellation with the s-channel contributions 
e~^e~ Z —>■ W~^W~ and z/gi^e —>■ Z —>■ W^W~ . This idea has important implications. 

The exchange of a Z boson in the t channel, should give rise to neutral-current processes 
such as v^e^ t'^e^ or v^p u^p. The experimental confirmation of this kind of phenomena 
was done in 1973 |TB|, with the discovery of the elastic scattering 



l^^,e v^e . (3.7) 

Neutral-current interactions have been extensively analyzed in many experiments. In con- 
trast with the charged- current transitions, one finds that flavour-changing neutral-current pro- 
cesses are very suppressed [^: 

^ < 1.0 X 10--; ^If^^^t'"! < 1-3 X 10-; (90%CL). 



r(/i e z/eZ/^) r(E ne Ue 

= (2.79 ± 0.15) X 10"^ (3.8) 



Therefore, the Z couplings are flavour diagonal. 

3.3 Wanted ingredients for a theory of weak interactions 

The previous experimental and theoretical arguments, suggest a series of requirements that the 
fundamental theory of weak interactions should satisfy: 

• Intermediate spin-1 bosons W^, Z and 7. 

• Electroweak unification: gw/2\^ ~ gz/2^/2 ~ e, i.e. g"^ /An ~ 8a. Together with the 
relation (|3.4| ), the unification of couplings implies 

^^^(1^) ^V^) -lOOGeV. (3.9) 



The field couples only to left-handed doublets 



(3.10) 



where dc = cos 9cd + sin 6cs. 

• The Z boson has only flavour- diagonal couplings. 

• Lepton-number is conserved. 

• Renormalizability. In order to satisfy this requirement, we need a gauge theory. 
4 Gauge Symmetry: QED 

Let us consider the Lagrangian describing a free Dirac fermion: 

£0 = ^*'(a;)7^(9^^(x) - m'^{x)'^{x) . (4.1) 



Cq is invariant under global U{1) transformations 

^ ^'(x) = ex-p{iQe}^{x) , (4.2) 

where Q9 is an arbitrary real constant. Clearly, the phase of \E'(x) is a pure convention- 
dependent quantity without physical meaning. 

However, the free Lagrangian is no-longer invariant if one allows the phase transformation 
to depend on the space-time coordinate, i.e. under /oca/ phase redefinitions 9 = 6{x), because 

d^^ix) ^ exp {iQO} {d^ + iQd^e) ^>{x) . (4.3) 

Thus, once an observer situated at the point Xq has adopted a given phase-convention, the same 
convention must be taken at all space-time points. This looks very unnatural. 

The "Gauge Principle" is the requirement that the U{1) phase invariance should hold locally. 
This is only possible if one adds some additional piece to the Lagrangian, transforming in such 
a way as to cancel the 8^9 term in Eq. ( [4.3| ). The needed modification is completely fixed by 
the transformation ([4.3|): one introduces a new spin-1 (since 8^6 has a Lorentz index) field 
A^j_{x), transforming as 

A,{x) ^ A^{x) ^ A,{x) + \8,e, (4.4) 
and defines the covariant derivative 

D^^{x) = [8^ - teQA^ix)] *(x) , (4.5) 
which has the required property of transforming like the field itself: 

D^*(x) ^ {D^^)'{x) = exp{tQe}D^^{x). (4.6) 

The Lagrangian 

C = i'^{x)-f''D^<il{x) - m^(x)^(x) = Co + eQA^{x)^{x)-f''^{x) (4.7) 

is then invariant under local U{1) transformations. 

The gauge principle has automatically generated an interaction term between the Dirac 
spinor and the gauge field A^, which is nothing else than the familiar QED interaction. Note 
that the corresponding electromagnetic charge eQ is completely arbitrary. If one wants A^ to 
be a true propagating field, one needs to add a gauge-invariant kinetic term 

CKin = -^F^uF''\ (4.8) 

where F^^, = 8^A^ — 8^A^ is the usual electromagnetic field strength. A possible mass term 
for the gauge field, \rn?A^^A^, is forbidden because it would violate gauge invariance; therefore, 
the photon field is predicted to be massless. 

The total Lagrangian in Eqs. ( [4.7| ) and ( [4.8| ) gives rise to the well-known Maxwell equations. 



From our gauge symmetry requirement, we have deduced the right QED Lagrangian, which 
leads to a very successful quantum field theory. Remember that QED predictions have been 
tested to a very high accuracy, as exemplified by the electron and muon anomalous magnetic 
moments [ai = [gi — 2)/2, where ixi = gi {eh/2mi)] 



(115 965 214.0 ± 2.8) x 10"" (Theory) 
(115 965 219.3 ± 1.0) x 10"" (Experiment) 

, (1 165 919.2 ± 1.9) X 10-9 (Theory) 
a,, = < „ . (4.10) 

^ ' (1 165 923.0 ± 8.4) X 10-9 (Experiment) 



5 The SU{2)l ^ U{1)y Theory 



To describe weak interactions, we need a more elaborated structure, with several fermionic 
flavours and different properties for left- and right-handed flelds. Moreover, the left-handed 
fermions should appear in doublets, and we would like to have massive gauge bosons W"^ and 
Z in addition to the photon. The simplest group with doublet representations isQ SU{2). We 
want to include also the electromagnetic interactions; thus we need an additional U{1) group. 
The obvious symmetry group to consider is then 

G = SUi2)L(S)Uil)Y, (5.1) 

where L refers to left-handed flelds. We do not specify, for the moment, the meaning of the 
subindex Y since, as we will see, the naive identiflcation with electromagnetism does not work. 
For simplicity, let us consider a single family of quarks, and introduce the notation 




ipiix) = I ^ I , ^P2{x) = ur, ^p3{x) = dR. (5.2) 
Our discussion will also be valid for the lepton sector, with the identiflcation 

tpi^x) = ( j , ip2{x) = {ue)R, tpsix) = e^. (5.3) 
As in the QED case, let us consider the free Lagrangian 

Co = j2t^j{x)Yd,^j{x). (5.4) 
i=i 

Co is invariant under global G transformations, 

ipj{x) — > ipjix) = exp {iTa/2} exp {iyjP} ^ljj{x), (5.5) 

where the SU{2)l matrices only act on the doublet fleld ipi. 

We can now require the Lagrangian to be also invariant under local gauge transformations 
SU{2)i (g) [/(l)y, i.e. with a = d{x) and P = P{x). In order to satisfy this symmetry require- 
ment, we need to change the fermion derivatives by covariant objects. Since we have now 4 
gauge parameters, a(x) and P{x), 4 different gauge bosons are needed: 



D.%l)Ax) 



T 



7/;,(x). (5.6) 



Thus, we have the correct number of gauge flelds to describe the W , Z and 7. 



§ SU{2) is the group of 2 x 2 unitary matrices, i.e. WU = UW = 1, with detU 1. Any SU{2) matrix 
can be written in the form U — exp {i(3f/2}, where r are the usual PauH matrices, 

"^^(1 0)' T)' "^^(0 -1)' 

which are traceless and satisfy the commutation relation [t^, Tj] = 2ieijkTk. Other useful properties are: {t^, Tj} = 
2dij and Tr (TiTj) = 2Sij. 



We want D^ipj{x) to transform in exactly the same way as the ipj{x) fields; this fixes the 
transformation properties of the gauge fields: 



T- W, 



B'^ix) = B,ix) + -d,P{x) 



2i 



W'^ = U{x)r- U\x) + -U{x)d^U\x), 



(5.7) 
(5.8) 



where U{x) = exp {zra(x)/2}. The transformation of B^ is identical to the one obtained in 
QED for the photon. The W^^ fields transform in a more complicated way; under an infinitesimal 

SU{2)l (g) U{1)y transformation, [(a x by = eij^a^h^] 



(5.9) 



The non-commutativity of the SU (2) matrices gives rise to an additional term a x W^j, involving 
the gauge fields themselves. Note, that the ipj couplings to the B^ field are completely free, as 
in QED, i.e. there are arbitrary "hypercharges" yj. Since the SU{2) commutation relation is 
non-linear, this freedom does not exist for the VF^: there is only a unique SU{2)l coupling g. 
The Lagrangian 

3 _ 

C = Y.i^,{x)YD^^j{x), (5.10) 

i=i 

is invariant under local G transformations. In order to build the gauge-invariant kinetic term 
for the gauge fields, we introduce the corresponding field strengths: 



B 



HP 



d^Bi, — duB^, 



Wuu = da Wv -d^ Wn+g Wa^Wu 



(5.11) 



Bnv remains invariant under G transformations, while f ■ W nv transforms covariantly: 



T ■ Wuu = — 



9 



G 



U{x) T- W^u U\x). (5.12) 



Therefore, the properly normalized kinetic Lagrangian is given by 



Kin 



-Ba^B"" - -Tr 
4 ^ 8 



r ■ W 



(5.13) 



The non-abelian structure of the SU{2) group generates here an important difference with 
QED. Since the field strengths WJ^^, contain a quadratic piece, the Lagrangian ^Kin gives rise to 
cubic and quartic self-interactions among the gauge fields. The strength of these interactions 
is given by the same coupling g which appears in the fermionic piece of the Lagrangian. 

The gauge symmetry forbids to write a mass term for the gauge bosons. Fermionic masses 
are also not possible, because they would communicate the left- and right-handed fields, which 
have different transformation properties, and therefore would produce an explicit breaking of 
the gauge symmetry. Thus, the SU{2)l ® U{X)y Lagrangian in Eqs. ( ^.10|) and ( |5.13|) only 
contains massless fields. 



5.1 Charged-current interaction 



The Lagrangian (|5.1CI| ) contains interactions of the fermion fields with the gauge bosons. 



(5.14) 



The term containing the SU (2) matrix 



r- W, 



iWl 



(5.15) 



gives rise to charged- current interactions with the boson field VT^ = {W^ + and its 

complex-conjugate W'j^ = {W^ — iW^)/^/2. For a single family of quarks and leptons, 



^cc = ^ {Wl [uY{l-l,)d+iyeril-l5)e] + h.c.} 



(5.16) 



Except for the missing 6c mixing, this is precisely the intermediate charged-boson interaction 
assumed in Eq. ( |3.2|) . The universality of the quark and lepton interactions is now a direct 
consequence of the gauge symmetry. Note, however, that ( |5.16D cannot describe the observed 
dynamics, because the gauge boson is massless and, therefore, gives rise to long-range forces. 



5.2 Neutral-current interaction 



Eq. ( ^.141) contains also interactions with the neutral gauge fields and 5^. We would like 
to identify these bosons with the Z and the 7; but, since both fields are massless, any arbitrary 
combination of them is a priori possible: 



1^3 

B„ 



cos 6w sin 6^ 
— sin 9w cos 9w 



In terms of the fields Z and 7, the neutral-current Lagrangian is given by 



|r3 sin Ow + g'Vj cos Ow 



9 a 



g'Vj sin Ow 



In order to get QED from the piece, one needs to impose the conditions: 

g sin^^ = g' cosOw = e, F = Q — T3, 

where = and Q denotes the electromagnetic charge operator 



Qi = 




Q2 — Qu/iy , Q3 — Qdje 



(5.17) 



(5.18) 



(5.19) 



(5.20) 



The first equality relates the SU{2)l and f/(l)y couplings to the electromagnetic coupling, 
providing the wanted unification of the electroweak interactions. The second identity, fixes 
the fermion hypercharges in terms of their electric charge and weak isospin quantum numbers: 
yi = Qu/u ^ 1/2 = Qd/e + 1/2, 2/2 = Qu/u and 2/3 = Qd/e- Note that a hypothetical right-handed 
neutrino would have both electric charge and weak hypercharge equal to zero; since it would 
not couple either to the W boson, such a particle would not have any kind of interaction (sterile 
neutrino). For aesthetical reasons, we will then not consider right-handed neutrinos any longer. 
Using the relations ( |5.19| ), the neutral-current Lagrangian can be written as 



NC 



where 



£qed = eA^Y. ^i7''Qi^j 



(5.21) 
(5.22) 



Table 1: Neutral-current couplings. 





u 


d 




e 




(l-fsin^ 9w)/2 


(-l + |sin2 ew)/2 


1/2 


(-1 +4sin2 ew)/2 




1/2 


-1/2 


1/2 


-1/2 



is the usual QED Lagrangian and 



" 2 sin J cos ' ^^'^^^ 

Jz = T. ^i7'^ (^3 - 2 sin^ ewQj) = ^3^' - 2 sin^ Jl^^ , (5.24) 

i 

contains the Z-boson interactions. In terms of the more usual fermion fields, £^0 form 



= 2sin^ cos^ ^ ^"^'(^^ - ^ ' ^^-2^) 

/ sm (7^1/ cos uw J. 



where a/ = and t>/ = (l — 4|Q/| sin^ 6w 
5.3 Gauge self-interactions 

In addition to the usual kinetic terms, the Lagrangian (|5.13|) generates cubic and quartic self- 
interactions among the gauge bosons: 

£3 = -ie cot Owlid^W - d^W^") W^Z^ - [d^W^ - d^W^) W^Z^ + W^Wl {d^Z" - d^Z^")} 
-ie{{d''W'' - d^W^) W^A^ - [d^W^ - d'^W^'^) W^A^ + W^Wl {d^'A" - d^A^")} ■ (5.26) 

A = ^07— ( (w^aW^Y - WlW^'^W^w] - cot^ Ow Iw^WZ^Z'^ - WlZ'^W^Z'^] 

2 sin 9w J ^ 

-e^ cot^iy {2WlW^'Z^A'' - Wj^Z^'W^A" - WlA^'W^Z"] 

-e^ [wlWA^A" - WlA^'W^A"} . (5.27) 
Notice that £3 has only terms with two charged W^s and one neutral [Z or 7) boson. 

6 Spontaneous Symmetry Breaking 

So far, we have been able to derive charged- and neutral-current interactions of the type needed 
to describe weak decays; we have nicely incorporated QED into the same theoretical framework; 
and, moreover, we have got additional self-interactions of the gauge bosons, which are generated 
by the non-abelian structure of the SU{2) group. Gauge symmetry also guarantees that we 
have a well-defined renormalizable Lagrangian. However, this Lagrangian has very little to do 
with reality. Our gauge bosons are massless particles; while this is fine for the photon field, the 
physical and Z bosons should be quite heavy objects. 

In order to generate masses, we need to break the gauge symmetry in some way; however, 
we also need a fully symmetric Lagrangian to preserve renormalizability. A possible solution 
to this dilemma, is based on the fact that it is possible to get non-symmetric results from an 
invariant Lagrangian. 

Let us consider a Lagrangian, which: 



1. Is invariant under a group G of transformations. 

2. Has a degenerate set of states with minimal energy, which transform under G as the 
members of a given multiplet. 

If one arbitrarily selects one of these states as the ground state of the system, one says that 
the symmetry becomes spontaneously broken. 

This kind of situation is clearly illustrated by the so-called Buridan's donkey dilemma: 
imagine a donkey at equal distance from two equal amounts of food; while this is a perfectly 
symmetric scenario, the symmetry will be "spontaneously" broken when the donkey will decide 
which one it is going to eat first. A more physical example is provided by a ferromagnet: 
although the Hamiltonian is invariant under rotations, the ground state has the spins aligned 
into some arbitrary direction. Moreover, any higher-energy state, built from the ground state 
by a finite number of excitations, would share its anisotropy. 

In a Quantum Field Theory, the ground state is the vacuum. Thus, the SSB mechanism will 
appear in those cases where one has a symmetric Lagrangian, but a non-symmetric vacuum. 

6.1 Goldstone theorem 

Let us consider a complex scalar field , with Lagrangian 

C = d^cj)^d''cj) - Vicj)); 1/(0) = + h ■ (6.1) 

C is invariant under global phase transformations of the scalar field 

(pix) — > (t)\x) = exp{i^}0(x). (6.2) 

In order to have a ground state the potential should be bounded from below, i.e. /i > 0. 
For the quadratic piece there are two possibilities: 

1. /z^ > 0: The potential has only the trivial minimum = 0. It describes a massive scalar 
particle with mass and quartic coupling h. 

2. /z^ < 0: The minimum is obtained for those field configurations satisfying 

Owing to the U{1) phase-invariance of the Lagrangian, there is an infinite number of 
degenerate states of minimum energy, (f)o{x) = ^cxp{i^}. By choosing a particular 
solution, ^ = for example, as the groTind state, the symmetry gets spontaneously broken. 
If we parametrize the excitations over the ground state as 

(P{x) = ^[v + 01 (x) + iM^)] , (6.4) 

where 0i and 02 are real fields, the potential takes the form 

y(0) = y(0o) - //V? + hv<l>, (0? + 0^) + ^ (0? + 0^)' . (6.5) 

Thus, 01 describes a massive state of mass m^^ — — 2/x^, while 02 is massless. 



The first possibility (/i^ > 0) is just the usual situation with a single ground state. The 
other case, with SSB, is more interesting. The appearence of a massless particle when /x^ < is 
easy to understand: the field 02 describes excitations around a flat direction in the potential, 
i.e. into states with the same energy as the chosen ground state. Since those excitations do not 
cost any energy, they obviously correspond to a massless state. 

The fact that there are massless excitations associated with the SSB mechanism is a com- 
pletely general result, known as the Goldstone theorem |TB|: if a Lagrangian is invariant under a 
continuous symmetry group G, but the vacuum is only invariant under a subgroup H C G, then 
there must exist as many massless spin-0 particles (Goldstone bosons) as broken generators 
(i.e. generators of G which do not belong to H). 



6.2 The Higgs— Kibble mechanism 

At first sight, the Goldstone theorem has very little to do with our mass problem; in fact, it 
makes it worse since we want massive states and not massless ones. However, something very 



interesting happens when there is a local gauge symmetry |]T6 . 
Let us consider M an SU (2) ^ doublet of complex scalar fields 




(6.6) 



The gauged scalar Lagrangian of the Goldstone model ([Ol 

Cs = {D^<py D'^(f) - - h (0t0) ' , 



r 



(h >0, f/ < 0), 
(l/<A=l/2), 



(6.7) 
(6.8) 



is invariant under local SU{2)l ® U{1)y transformations. The value of the scalar hypercharge 
is fixed by the requirement of having the correct couplings between 0(x) and A'^{x)] i.e. that 
the photon does not couple to 0*-°'', and one has the right electric charge for (f)^~^\ 

The potential is very similar to the one considered before. There is a infinite set of degenerate 
states with minimum energy, satisfying 



Ko|0W|o)| 



2h 



V2 



(6.9) 



Note that we have made explicit the association of the classical ground state with the quantum 
vacuum. Since the electric charge is a conserved quantity, only the neutral scalar field can 
acquire a vacuum expectation value. Once we choose a particular ground state, the SU{2)l ® 
U{1)y symmetry gets spontaneously broken to the electromagnetic subgroup f/(l)QED5 which 
by construction still remains a true symmetry of the vacuum. According to Goldstone theorem 
3 massless states should then appear. 

Now, let us parametrize the scalar doublet in the general form 



(6.10) 



with 4 real fields d{x) and H{x). The crucial point to be realized is that the local SU{2)l 
invariance of the Lagrangian allows us to rotate away any dependence on 9{x). These 3 fields 



are precisely the would-be massless Goldstone bosons associated with the SSB mechanism. The 
additional ingredient of gauge symmetry makes those massless excitations unphysical. 

The covariant derivative ( |6.^ ) couples the scalar multiplet to the SU{2)l ® U{1)y gauge 
bosons. If one takes the physical (unitary) gauge 6{x) = 0, the kinetic piece of the scalar 
Lagrangian (|6.7|) takes the form: 



{D^<P)^D^<j> H ld,Hd^H+{v + Hy l^-^WlW^+ Z^zA. (6.11) 

The vacuum expectation value of the neutral scalar has generated a quadratic term for the 
and the Z, i.e. those gauge bosons have acquired masses: 

Mz cosOw = Mw = vg/2. (6.12) 

Therefore, we have found a clever way of giving masses to the intermediate carriers of the 
weak force. We just add £5 to our SU{2)l ® U{1)y model. The total Lagrangian is invariant 
under gauge transformations, which guarantees [0 the renormalizability of the associated 
Quantum Field Theory. However, SSB occurs. The 3 broken generators give rise to 3 massless 
Goldstone bosons which, owing to the underlying local gauge symmetry, are unphysical (i.e. 
do not produce any observable effect). Going to the unitary gauge, we discover that the 
and the Z (but not the 7, because f/(l)QED is an unbroken symmetry) have acquired masses, 
which are moreover related as indicated in Eq. ( |6.12 ). Notice that ( |5.17|) has now the meaning 



of writing the gauge fields in terms of the physical boson fields with definite mass. 

It is instructive to count the number of degrees of freedom (d.o.f.). Before the SSB mech- 
anism, the Lagrangian contains massless and Z bosons (i.e. 3x2 = 6 d.o.f., due to the 
2 possible polarizations of a massless spin-1 field) and 4 real scalar fields. After SSB, the 3 
Goldstone modes are "eaten" by the weak gauge bosons, which become massive and, therefore, 
acquire one additional longitudinal polarization. We have then 3x3 = 9 d.o.f. in the gauge 
sector, plus the remaining scalar particle H, which is called the Higgs boson. The total number 
of d.o.f. remains of course the same. 

6.3 Predictions 

We have now all the needed ingredients to describe weak interactions. We can reproduce the 
old low-energy results mentioned in Sect. ^, within a well-defined Quantum Field Theory. Our 
theoretical framework predicts the existence of massive intermediate gauge bosons, and 
Z, which have been confirmed [|l^ by the modern high-energy colliders. Moreover, the Higgs- 
Kibble mechanism has produced a precise predictionp] for the and Z masses, relating them 
to the vacuum expectation value of the scalar field through Eq. (|6.12|) . Thus, Mz is predicted 



to be bigger than Mw- Using the relations Gf/\/^ = 5'^/(8M^) and e = gsinOy/-, we get 

M„J-I^\" ^^'2^, .^(v^G.)-"=^246GeV. (6.13) 

A direct test of these relations can be obtained in neutrino-scattering experiments, by com- 
paring the cross-sections of neutral-current and charged-current processes. The elastic scatter- 
ing uq — i> uq occurs through Z-exchange in the t channel, whereas the inelastic process uq Iq' 



^ Note, however, that the relation Mz cos^vi^ = Mw has a more general validity. It is a direct consequence 
of the symmetry properties of Cs and does not depend on its detailed dynamics. 



requires the exchange of a charged W. At low momentum transfer the boson propagators re- 
duce to constants, given by the corresponding masses; moreover, the fermionic couphngs of the 
Z and the in Eqs. ( |5.25| ) and ( p.l6| ) are related by the weak mixing angle 6w- Therefore, 



2 

W 



w , 



fisin^ew). (6.14) 



One can, moreover, compare u and u scattering processes on different targets. The analysis of 
the experimental data gives p 

^ - 1; sin^ew ~ 0.23. (6.15) 



Ml cos2 e 



w 



The excellent agreement with the theoretical prediction constitutes a very succesful confirmation 
of the assumed pattern of SSB. Inserting the measured value of 9w in Eq. (|6.13|) , one gets 
numerical predictions for the gauge-boson masses. 



78GeV, Mz ^ 89 GeV, (6.16) 



which are in quite good agreement with the experimental measurements, M^y = (80.23 ± 
0.18) GeV and Mz = (91.1888 ± 0.0044) GeV ll|,|g. The small numerical discrepancies can 



be understood in terms of higher-order quantum corrections (see Sects. ^ and 0). 
6.4 The Higgs boson 

The scalar Lagrangian ( |6.7| ) has introduced a new scalar particle into the model: the Higgs H. 
In terms of the physical fields (unitary gauge), £5 takes the form 

Cs = — + Ch + Chg^ , (6.17) 



where 



= \d,Hd^H - \mIH^ - - (6.18) 

Chg^ = MI.WIW^{i + Ih+^\ + ImIZ,Z^Ii + Ih + ^], (6.19) 



and the Higgs mass is given by 



Mh = V-V = V2hv. (6.20) 



Notice that the Higgs interactions have a very characteristic form: they are always proportional 
to the mass (squared) of the coupled boson. All Higgs couplings are determined by Mh, Mw, 
Mz and the vacuum expectation value v. 



7 Anomalies 

Our theoretical framework is based on the local gauge symmetry. However, we have only 
discussed so far the symmetries of the classical Lagrangian. It happens sometimes that a 
symmetry of C gets broken by quantum effects, i.e. it is not a symmetry of the quantized 
theory; one says then that there is an "anomaly". 



Anomalies appear in those symmetries involving both axial (\E'7'^75\Ef) and vector (\l/7'^\Ef) 
currents, and reflect the impossibility of regularizing the quantum theory (the divergent loops) 
in a way which preserves the chiral (left/right) symmetries. 

A priori there is nothing wrong with having an anomaly. In fact, sometimes they are even 
welcome. A good example is provided by the decay vr*^ 77. There is a (chiral) symmetry 
of the QCD Lagrangian which forbids this transition; the tt^ should then be a stable particle, 
in contradiction with the experimental evidence. Fortunately, there is an anomaly generated 
by a triangular quark loop which couples the axial current = {u'j^^u — d'j^'y^d) to two 
electromagnetic currents and breaks the conservation of the axial current at the quantum level: 

d'^Al = ^ e"^-^" F^p + O (m„ + m,) . (7. 1) 

Since the 7r° couples to A^, the 7r° — > 77 decay does finally occur, with a predicted rate 

where Nc = 3 denotes the number of quark "colours" . The agreement with the measured value, 
r = 7.7 ± 0.6 eV H, is excellent. 

Anomalies are, however, very dangerous in the case of local gauge symmetries, because they 
destroy the renormalizability of the Quantum Field Theory. Since the SU{2)l ® U{1)y model 
is chiral (i.e. it distinguishes left from right), anomalies are clearly present. The gauge bosons 
couple to vector and axial-vector currents; we can then draw triangular diagrams with three 
arbitrary gauge bosons {W^, Z, 7) in the external legs. Any such diagram involving one axial 
and two vector currents generates a breaking of the gauge symmetry. Thus, our nice model 
looks meaningless at the quantum level. 

We have still one way out. What matters is not the value of a single Feynman diagram, 
but the sum of all possible contributions. The anomaly generated by the sum of all triangular 
diagrams connecting the three gauge bosons Ga, Gb and Gc is proportional to 

^ = Tr ({T^ T^jT'^) ^ - Tr ({T^ T^jT^) ^ , (7.3) 

where the traces sum over all possible left- and right-handed fermions, respectively, running 
along the internal lines of the triangle. The matrices T"" are the generators associated with the 
corresponding gauge bosons; in our case, = Ta/2, Y. 

In order to preserve the gauge symmetry, one needs a cancellation of all anomalous contri- 
butions, i.e. ^ = 0. Since Tr(rfc) = 0, we have an automatic cancellation in two combinations 
of generators: Tr ({tj, Tjjrfc) = 25*-'Tr(rfc) = 0, Tr {{Y, Y}Tk) oc Tr(rfc) = 0. However, the other 
two combinations, Tr [{Ti,Tj}Y) and Tt{Y^) turn out to be proportional to Tt{Q), i.e. to the 
sum of fermion electric charges: 

Y.Q^ = Qe + Q^ + Nc {Qu + Qd) = -1 + \nc. (7.4) 

Eq. ( |7^ ) is telling us a very important message: the gauge symmetry of the SU{2)l^U{1)y 
model does not have any quantum anomaly, provided that Nc = 3. Fortunately, this is precisely 
the right number of colours to understand strong interactions. Thus, at the quantum level, the 
electroweak model seems to know something about QCD. The complete SM gauge theory based 
on the group SU{3)c ® SU{2)l ® U{X)y is free of anomalies and, therefore, renormalizable. 



8 Fermion Generations 



8.1 The GIM mechanism 



The V — A low-energy Hamiltonian ( p.llD shows that the SU{2)l partner of the up quark 



should not be the d, but rather the combination dc = cos 6cd + sin 6c s. However, if one naively 



replaces d by dc in the neutral-current Lagrangian (|5.25| ), one generates a flavour- changing 
neutral-current coupling, 

Zf,dcY{vd- adjr,)dc — > cos9csm9c dl^{vd- ad'^^)s + S7''(i7rf - 0^75)^ 

of a similar magnitude than the flavour-conserving Zdd one. This is a major phenomenological 
disaster, in view of the strong experimental bounds in Eq. ( |3.8|) . 

In order to solve this problem, it was suggested in 1970 Q that an additional quark flavour 
should exist: the charm. One could then form two different quark doublets. 



with 






1.2) 




. (8.3) 



sin 9 c 

cos 9c 

The orthogonality of the quark-mixing matrix V would then preserve the required absence of 
flavour-changing neutral couplings (GIM mechanism Q), 

(dcdc + scsc) = [dd + ss) , (8.4) 
as long as the couplings of the two doublets are identical. The discovery of the charm quark in 



1974 [21 1 was a big step forward in the development of the SM. 



8.2 Fermion masses 

In order to properly speak about quark flavours, we need first to understand the quark masses 
{d and s are defined as mass-eigenstates). We know already that a fermionic mass term, 
Lrn = —m'^'^ = —m (^'^L'^f> + \E'K\E'i^ is not allowed, because it breaks the gauge symmetry. 
However, since we have introduced an additional scalar doublet into the model, we can write 
the following gauge-invariant fermion-scalar coupling: 



Cy = ci (uj)^ ] dR + C2 {u,d) 




(8.5) 

In the unitary gauge (after SSB), this Yukawa-type Lagrangian takes the simpler form 

Cy = "^^^ ~^ |ci dc? + C2 MM + C3 eej . (8.6) 

Therefore, the SSB mechanism also generates fermion masses: 

rrid = —Civ/V2; rriu = —C2v/V2; = —c^v/V^,. (8-7) 



Since we do not know the parameters Cj, the values of the fermion masses are arbitrary. 
Note, however, that all Yukawa couplings are fixed in terms of the masses: 

Cy = ~ (^■'^ ) \niddd + rriuUU + ni(,ee^ . (8.8) 



8.3 Flavour mixing 



We have learnt experimentally that there are 6 different quark ffavours [u, d, s, c, b, t), 3 
different leptons (e, fi, r) and their corresponding neutrinos (z/g, u^, Vr)- We can nicely include 
all these particles into the SM framework, by organizing them into 3 families of quarks and 
leptons, as indicated in Eqs. (|1.1| ) and ( |1.2|) . Thus, we have 3 nearly-identical copies of the 
same SU{2)l ® f/(l)y structure, with masses as the only difference. 

Let us consider the general case of Nq generations of fermions, and denote z/j, 1'^ u'j, d'j the 
members of the weak family j {j = 1, . . . , Nq), with definite transformation properties under 
the gauge group. The weak eigenstates are linear combinations of mass eigenstates. The most 
general Yukawa Lagrangian has the form 




(+) 



^J'^' I 0(0) I ^'kR + ^jk 



in) I 



U 



kR 



+ \ ^(0) 



I'kR \ + h-c-, 



1 c^jl are arbitrary coupling constants. 
After SSB, the Yukawa Lagrangian can be written as 



where c}V, c^,^ 



Y 



H 



{d',M',d'^ + KMWji + 1'lM[1'^ +h.c.} 



(8.10) 



Here, d', u' and I' denote vectors in flavour space, and the corresponding mass matrices are 
given by 



(8.11) 



The diagonalizacion of these mass matrices determines the mass eigenstates dj, Uj and Ij. 
The matrix M'^ can be decomposed a^ M'^ = H^Ud = S^M-dSdU d-, where Ha 



M'^mJ is an hermitian positive-definite matrix, while Ud is unitary. Hd can be diago- 
nalized by a unitary matrix Sd] the resulting matrix A4.d is diagonal, hermitian and positive 
definite. Similarly, one has M'^ = H^Uu = S'lAi.uSuUu and M'l = HiUi = SjAdiSiUi. In 
terms of the diagonal mass matrices, M-d = diag(mrf, nis, nih, . . .), M,u = diag(m^, nic, rrit, . . .), 
Al/ = diag(me, m^, m^, . . .), the Yukawa Lagrangian takes the simpler form 



Cy = - U + — ) [dM-dd + uMuU + IM-il^ , 



(8.12) 



where the mass eigenstates are defined by 



di = Sd d'^ , 
dn = SdUd d'fj , 



II = Si I'j^ , 

= SiUi I'fj . 



(8.13) 



Note, that the Higgs couplings are proportional to the corresponding fermions masses. 



II The condition det M'j 7^ (/ = d,u,l) guarantees that the decomposition M'j — H fU j is unique: 
Uf = Hj^M'j. The matrices Sf are completely determined (up to phases) only if all diagonal elements of 
M.f are different. If there is some degeneracy, the arbitrariness of 5'/ reflects the freedom to define the physical 
fields. If det TW J = 0, the matrices U f and S f are not uniquely determined, unless their unitarity is explicitely 
imposed. 



Since, f'lf'i = f l ^"^^ f'nf'R = f nf r if = d,u,l), the form of the neutral-current part 
of the SU {2)l®U{1)y Lagrangian does not change when expressed in terms of mass eigenstates. 
Therefore, there are no flavour- changing neutral currents in the SM. This generalized GIM 
mechanism is a consequence of treating all equal-charge fermions on the same footing. 



However, n'^d'^ 



ulSuSIcIl 



uiVdi- In general, Su 7^ Sd', thus if one writes the 



weak eigenstates in terms of mass eigenstates, a Nq x Nq unitary mixing matrix V, called the 
Cabibbo-Kobayashi-Maskawa (CKM) matrix 



appears in the quark charged- current 



sector: 



cc 




I 



1-3 



+ h.c. 



(8.14) 



The matrix V couples any "up-type" quark with all "down-type" quarks. 

Since neutrinos are massless, we can always redefine the neutrino flavours, in such a way as 
to eliminate the analogous mixing in the lepton sector: V'^l'i^ = V'j^S\Il = T'iIl- Thus, we have 
lepton-fiavour conservation in the minimal SM without right-handed neutrinos. 

The fermion masses and the quark-mixing matrix V are all determined by the Yukawa 
couplings in Eq. ( ^.9|) . However, the Yukawas are not known; therefore we have a bunch 
of arbitrary parameters. A general Nq x Nq unitary matrix contains A*"^ real parameters 
[Ng{Nc—1)/2 moduli and Ng{Ng+1)/2 phases]. In the case of V, many of these parameters are 
irrelevant, because we can always choose arbitrary quark phases. Under the phase redefinitions 

-<^^); thus, 2Ng - 1 



Ui 



e^'^^Ui and dj — > e^^dj, the mixing matrix changes as V 



phases are unobservable. The number of physical free parameters in the quark-mixing matrix 
gets then reduced to {Ng - if - Ng{Ng - l)/2 moduh and {Ng - 1){Ng - 2)/2 phases. 

In the simpler case of two generations, V is determined by a single parameter. One recovers 
then the rotation Cabibbo matrix of Eq. ( ^.3| ). With Ng = 3, the CKM matrix is described by 
3 angles and 1 phase. Different (but equivalent) representations can be found in the literature. 
The Particle data Group advocates the use of the following one as the "standard" CKM 
parametrization: 



C12C13 

~'5l2C23 ^ Ci2S23Si3e*''^^ C12C23 
S12S23 - Ci2C23Si3e*''i3 - 



S12C13 

- ■5l2'523'5l3e 



Cl2'523 ~ 



Si3e-*'^i3 
■523C13 
C23C13 



(8.15) 



Here c 



cos 6', 'I and s,- 



sin 6ij , with i and j being 



'generation" labels = 1,2,3). The 
real angles 6*12, 6*23 and 6*13 can all be made to lie in the first quadrant, by an appropriate 
redefinition of quark field phases; then, Cij > 0, Sij > and < ^13 < 27r. 

Notice that 613 is the only complex phase in the SM Lagrangian. Therefore, it is the 
only possible source of CP- violation phenomena. In fact, it was for this reason that the third 
generation was assumed to exist [^, before the discovery of the b and the r. With two 
generations, the SM could not explain the observed CP-violation in the K system. 



8.4 Standard Model parameters 

In the gauge and scalar sectors, the SM Lagrangian contains only 4 parameters: g, g', and 
h. We can trade these parameters by a, Ow, Mw and Mh. Alternatively, one can choose 
as free parameters a, Mz, Gp and M^] this has the advantage of using the 3 most precise 
experimental determinations to fix the interaction. In any case, one describes a lot of physics 
with only 4 inputs. 



In the Yukawa sector, however, the situation is very different. With Nq = 3, we have 13 
free parameters: 9 masses, 3 angles and 1 phase. Clearly, this is not very satisfactory. The 
source of this proliferation of parameters is the set of unknown Yukawa couplings in Eq. ( p.9[ ). 
The origin of masses and mixings, together with the reason for the existing family replication, 
constitute at present the main open problem in electroweak physics. 

Thus, taking into account the QCD coupling constant as(M|), the complete SU{3)c ® 
SU{2)l ® U{1)y SM Lagrangian is determined by 18 free parameters (19 if one considers also 
a possible CP- violating 6 term in the strong Lagrangian). 



9 Tree-level Phenomenology 

It is convenient to take as inputs the well-measured quantities 



G p 
a-' 
Mz 



(1.16639 ± 0.00002) x 10"^ GeV'^ 
137.0359895 ±0.0000061, 
(91.1888 ± 0.0044) GeV. 



(9.1) 



The relations 



V2Gf 

determine sw = sinOw and M]y: 



A = [(37.2802 ± 0.0003) GeV]^ 



(9.2) 
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80.94 GeV, 



,2 



; 1 



AA 
Ml 



0.2121. (9.3) 



The predicted My/ is in good agreement with the measured value. My/ = 80.23 ± 0.18 GeV. 
At tree level, the decay widths of the weak gauge bosons can be easily computed: 



r 



w- 
z 



Uil 



67rv^ 



0.2320 



GeV, 



GpMl 
67rv/2 



/ 



0.3318 {\vf\^ + \aff) Nf GeV, 



(9.4) 
(9.5) 



where Ni = 1 and A^, = Nq- Summing over all possible final fermion pairs, one predicts the 
total widths Tyr = 2.09 GeV and Tz = 2.474 GeV, in excellent agreement with the experimental 
values [gig Tw = (2.08 ± 0.07) GeV and Tz = (2.4974 ± 0.0038) GeV. 
The universality of the W couplings implies 



11.1% 



(9.6) 



where we have taken into account that the decay into the top quark is kinematically forbidden, 
rrit = 174 ± 10l]^2 GeV [^]. Similarly, the leptonic decay widths of the Z are predicted to be 



r{Z l+r) = 84.85 MeV. 



(9.7) 



As shown in Table ^ the predictions ( |9.6D and ( |9.7D are in excellent agreement with the mea- 
sured leptonic widths. Moreover, the data confirms the universality of the W and Z leptonic 



Table 2: Measured @,[T^ values of Br(iy —>■ vil ), T{Z —>■ l^l ) and the leptonic forward- 
backward asymmetries. The average of the three leptonic modes is shown in the last column. 





e 




T 


/ 


Br(iy- vil-) (%) 
T{Z l+l~) (MeV) 

^f'b (%) 


10.8 ±0.4 
83.85 ±0.21 
1.56 ±0.34 


10.6 ±0.7 
83.95 ±0.30 
1.41 ±0.21 


10.8 ± 1.0 
84.26 ±0.34 
2.28 ±0.26 


10.76 ±0.33 
83.96 ±0.18 
1.70 ±0.16 



couplings at the 9% and 0.4% level, respectively. If lepton universality is assumed, the exper- 
imental average of the three leptonic modes gives0 Br(l^~ J^il^) = (10.76 ± 0.33)% and 
Ti = 83.96 ± 0.18 MeV E,m. 



Other useful quantities are the Z-decay width into invisible modes. 



5.865 



Ti Ti 2{\vi\^ + \ai\') 

which is usually normalized to the (charged) leptonic width, and the ratio 

r{Z ^ hadrons) 



Rz = 



20.29. 



(9.8) 



(9.9) 



The comparison with the experimental values, shown in Table 0, is excellent. 
9.1 Fermion-pair production at the Z peak 

Additional information can be obtained from the study of the fermion-pair production process 

e+e- ^7,Z^/7. (9.10) 

For unpolarized e"*" and e~ beams, the differential production cross-section can be written, at 
lowest order, as 



da 



a 
8s 



= —Nf \A(l + cos^e) +B cose - hi 
ctii 8.S ' 1^ ' 



C(l + cos'^) ± D cos( 



}. 



(9.ii; 



where hf {= ±1) is the helicity of the produced fermion /, and 6 is the scattering angle between 
e~ and /. Here, 



A = 1 + 2veVfRe{x) + [v^ + at) [vj + aj) 
C = 2veafRe{x) +2(v'^ + al'jvfaflxl'^, 

2 



D = 4aef/Re(x) ± 4t>eae (vj + aj) \x 
and X contains the Z propagator 

GfM^ s 



X 



2V27ca S-MI + isTz/Mz ' 



(9.12) 
(9.13) 
(9.14) 

(9.15) 



(9.16) 



F; refers to the partial decay width into a pair of massless charged leptons. 



The coefficients A, B, C and D can be experimentally determined, by measuring the total 
cross-section, the forward-backward asymmetry, the polarization asymmetry and the forward- 
backard polarization asymmetry, respectively: 

47ra2 ^ , ^ Np - Nb "iB , 

= —N,A, AMs) - = . (9.17) 



Here, A^i? and A'^s denote the number of /'s emerging in the forward and backward hemispheres, 
respectively, with respect to the electron direction. The measurement of the final fermion 
polarization can be done for / = r, by measuring the distribution of the final r-decay products. 

For s = M|, the real part of the Z-propagator vanishes and the photon exchange terms can 
be neglected in comparison with the Z-exchange contributions (r|/M| << 1). Eqs. ( |9.17|) to 
(|9.19| ) become then. 



a'^'f ^ a{Ml) = ^ ^ , ^^B^ - AMMl) = , (9.20) 

z z 

3 



= ^Pol(Ml) = Vf , ^°ip„i = ^FB,Pol(M|) = ^Pe , (9.21) 

where is the Z partial decay width to the // final state, and 

Vf - ^ (9.22) 

is the average longitudinal polarization of the fermion /, which only depends on the ratio of 
the vector and axial- vector couplings. Vf is a sensitive function of sin^ ^vv- 

With polarized e^e~ beams, one can also study the "left-right" asymmetry between the 
cross-sections for initial left- and right-handed electrons. At the Z peak, this asymmetry 
directly measures the average initial lepton polarization, Pe, without any need for final particle 
identification: 



Using the value of the weak mixing angle determined in Eq. ( |9.3|) , one gets the predictions: 
^Had = E = 42.13 nb, A^^ = 0.0657 , A%, = | A%^j.,, = = -0.296 . 

q 

(9.24) 

The comparison with the experimental measurements, given in Table |^, is excellent for 
the total hadronic cross-section; however, all leptonic asymmetries disagree with the measured 
values by several standard deviations. As shown in the table, the same happens with the 
heavy-fiavour asymmetries, 

A% = 0.210, = 0-162, (9.25) 

which compare very badly with the experimental measurements. The partial hadronic widths, 

- nJ'Vf , = 0.219 , R.^ ,,!'^7f , = 0.172 . (9.26) 

L [Z ^ hadronsj 1 [Z ^ hadronsj 

are again in good agreement with the data. Clearly, the problem with the asymmetries is their 
high sensitivity to the input value of sin^Ow Therefore, they are an extremely good window 
into higher-order electroweak corrections. 



Table 3: Comparison between tree-level SM predictions and experimental |^,|T^,|2D|,|2^ measure- 
ments. The third column shows the effect of including the main QED and QCD corrections. 
The experimental value for s^r refers to the effective electroweak mixing angle in the charged- 
lepton sector, defined in Eq. (|10.22|) . 
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Mw (GeV) 


80.94 
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80.23 ± 0.18 
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0.2121 
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Tz (GeV) 


2.474 


2.486 
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10.76 ± 0.33 


Ti (MeV) 


84.85 


83.41 
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20.795 ± 0.040 
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41.41 
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41.49 ± O.lz 
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0.0657 


0.0165 


0.0170 ±0.0016 
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-0.296 


-0.148 


-0.143 ±0.010 
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-0.296 


-0.148 
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-0.296 


-0.148 


-0.1637 ±0.0075 


•^FB 


0.210 


0.104 


0.0967 ±0.0038 


.0,c 
^FB 


0.162 


0.074 


0.0760 ±0.0091 


i?6 


0.219 


0.220 


0.2202 ±0.0020 




0.172 


0.170 


0.1583 ±0.0098 



9.2 Important QED and QCD corrections 

Before trying to analyze the relevance of higher-order electroweak contributions, it is instructive 
to consider the numerical impact of the well-known QED and QCD corrections. 

The photon propagator gets vacuum polarization corrections, induced by virtual fermion- 
antifermion pairs. The conservation of the electromagnetic current, together with Lorentz 
invariance, imply that the 1-loop vacuum-polarization amplitude takes the form 

- z U^'^iq') = -I {-g^'^q' + q^q'') n,{q') , (9.27) 

with n^(g^) a 0{a) scalar function satisfying n^(0) = 0. Remembering the form of the tree- 
level photon propagator, —ig"l^/q^, it is straightforward to sum the effect of an infinite number 
of 1-loop vacuum-polarization insertions. The correction induced in the e^e~ 'J —>■ f f 
process amounts to the change: 

a a ( „,,„o,,„o,, 1 a ais) , 

- ^ - {1 - n,(.) + n?(.) - iCM) + ...}— tTr^^ " ^ ' 

Thus, we can take into account this kind of QED loop corrections, by making a redefinition of 
the QED coupling. But now, a(s) is a function of the energy scale, i.e. the effective coupling 



"runs" with the energy; a{s) is called the QED running coupling. The fine structure constant 
in Eq. ( |9.1|) is measured at very low energies; it corresponds to a{ml). However, at the Z peak, 
we should rather use a(M|). The long running from me to Mz gives rise to a sizeable QED 



correction 25 



a = a{ml) =^ a{M^) = - — — = 1.064 a. (9.29) 



The running effect generates an important change in Eq. ( p.2|) . Since Gp is measured at low 
energies, while Mw is a high-energy parameter, the relation between both quantities is clearly 
modified by vacuum-polarization contributions: 

M'^sl, = = ^A= [38.455 GeV]^ (9.30) 

Changing A by A in Eqs. ( pl3|) , one gets the corrected predictions: 

Mw = 79.95 GeV, = 0.2314. (9.31) 

The value of Mw is now in better agreement with the experimental determination. 

So far, we have treated quarks and leptons on an equal footing. However, quarks are strong- 
interacting particles. The gluonic corrections to the decays Z ^ qq and W~ Uidj can be 
directly incorporated into the formulae given before, by taking an "effective" number of colours: 



Nc ^ Nc {! + — + ^ 3.115, (9.32) 



where we have used as{M^) 0.12. Note that the strong coupling also "runs"; one should 
then use the value of at s = M|. 

The third column in Table ^ shows the numerical impact of these QED and QCD corrections. 
In all cases, the comparison with the data gets improved. However, it is in the asymmetries 
where the effect gets more spectacular. Owing to the high sensitivity to Sw, the small change 
in the value of the weak mixing angle generates a huge difference of about a factor of 2 in the 
predicted asymmetries. The agreement with the experimental values is now very good. 



10 Higher-Order Electroweak Corrections 

We can distinguish five types of loop corrections: 

1. QED: Initial- and final-state photon radiation is by far the most important numerical 
correction. One has in addition the contributions coming from photon exchange between 
the fermionic lines. All these corrections are to a large extent dependent on the detector 
and the experimental cuts, because of the infra-red problems associated with massless 
photons (one needs to define, for instance, the minimun photon-energy which can be 
detected). Therefore, these effects are usually estimated with Monte Carlo programs and 
subtracted from the data. Notice that in the decay fi^ e^UgUfj,, the QED corrections 
are already partly included in the definition of Gf [see Eq. (p.3| )]; thus, one should take 
care of subtracting those corrections already incorporated in the old V — A calculation. 

2. Oblique: The gauge-boson self-energies, induced by vacuum polarization diagrams. We 
have already seen the important role of the photon self-energy in the previous section. 
In the case of the and the Z, these corrections are very interesting because they are 
sensitive to heavy particles (such as the top) running along the loop [^]. In addition, 
these contributions are "universal" (process independent). 



3. Vertex: Corrections to the different couplings. They are "non-universal" and usually 
smaller than the oblique contributions. There is one interesting exception, the Zbb vertex, 



which is sensitive to the top quark mass p? 



4. Box: Diagrams with two gauge-boson exchanges. At the Z peak, they give a very small 
contribution, because they are non resonant (they do not have an on-shell Z propagator). 
However, the box correction to the decay fi" —>■ e~z/ei^^ is not negligible. 

5. Higgs: The exchange of a Higgs particle between two fermionic lines. This correction is 
usually irrelevant, because the amplitude is suppressed by the product of the two fermionic 
masses. 

10.1 The weak mixing angle 

At tree level, there are three different places where sin^ 9w appears: 

• In the charged-current sector, regulates the relation between Mw and Gp [Eq- ( |9.3CI| )]. 

• The neutral couplings in Eq. (5.25). Thus, it shows up in the vector couplings Vf and in 



the ratio of neutral to charged current interactions. 



• In the SSB mechanism, which predicts po = 1. 

Quantum loops generate different corrections in the three sectors; thus, one needs to specify 
how the weak mixing angle is defined. The so-called "on-shell" scheme adopts the definition |^ : 



sl^ = 1- Ml, /Ml . (10.2) 
The corrections to the different couplings are then parametrized as 

Mlsl, = Missel, = , (10.3) 

10.2 Oblique corrections 



Vf = Ti (l-A\Qf\Kjsi^] . (10.5) 



Quantum corrections offer the possibility to be sensitive to heavy particles, which cannot be 
kinematically accessed, through their virtual loop effects. 

In QED, the vacuum polarization contribution of a heavy fermion pair, 7 —>//—> 7, is 
suppressed by inverse powers of the fermion mass. 



as „ / 



At low energies, the information on the heavy fermions is then lost. This "decoupling" of 
the heavy fields happens in theories like QED and QCD, with only vector couplings and an 
exact gauge symmetry p9[, where the effects generated by the heavy particles can always be 
reabsorbed into a redefinition of the low-energy parameters. 



The SM involves, however, a broken chiral gauge symmetry. This has the very interesting 
imphcation of avoiding the decouphng theorem ||29|. The vacuum polarization contributions 
modify the and Z propagators: 



g^"' -\ 



-9^' + ■■■ 



(10.7) 



The self-energies T,z/w{s) induced by a heavy top, i.e. 
generate contributions to Ar and Ap, 



W~ 



tb W- and Z 
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Ap+..., 
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Sz(0) Sh.(0) 



which increase quadratically with the top mass [p6 

aNc 



Ap 



Ml 



m. 



Ml 



Ap+ ... 



(10.8) 



I67csl.ci. MV 



;io.9) 



174 GeV, the leading quadratic 



Therefore, a heavy top does not decouple. Taking 
correction Ap amounts to a —3% (0.9%) contribution to Ar (Ap). 

The quadratic mass contribution originates in the strong breaking of weak isospin generated 
by the top and bottom quark masses, i.e. the effect is actually proportional to — ml. There 
is, however, a smaller non- decoupling contribution even for a degenerate heavy fermion doublet 
F = {U,D), with M[/ = M^i >> Mz. The virtual production of those hypothetical heavy 
particles would generate the correction: Ar ~ aN^ /{127is1) ~2.5x 10-3(Ar^/3); Ap = 0. 

Owing to an accidental SU{2)r symmetry of the scalar sector (the so-called custodial sym- 
metry), the virtual production of Higgs particles does not generate any M^ dependence at one 
loop (Veltman screening [§^]). The dependence on the Higgs mass is only logarithmic: 



Ar 



a 



IGtts^ 



w 



11 
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5' 




~ 6_ 



(M^ » Ml) 



(10.10) 



The numerical size of the correction is -0.0041 (0.0098) for Mh = 50 (1000) GeV. 

Therefore, within the SM, the oblique corrections contain a strong dependence on rrit and a 
much smaller one on Mh. In addition, they are sensitive to all kinds of heavy new physics; i.e. 
heavy new particles which cannot be produced at present energies, but which could generate 
virtual contributions to Ar and Ap. Taking all SM electroweak contributions into account: 



Aa = 0.060, 



Ar = Aa- ^Ap + 



Ap = Ap + 



(10.11) 



The appearence of Aa in the W (and Z) contribution should not be a surprise, since the 
vector-vector self-energy diagram is basically the same as in QED. 

In addition, the self-energy mixing between the Z and the ■y, Z ff produces a 

contribution to the factor Kf in the Zff vector coupling vj. Although Kj is a non- universal 
vertex correction, this particular "oblique" contribution does not depend on the fermion /. It 
has become usual to include this effect by defining an "effective" si, 



^2 



= s 



1 — cwsw Re 




+ c 



w 



Ap + 



;i0.12) 



such that Vf 



;i-4iQ/i^ 



w) 



Note that — Ar) ^ — Aa) and ~ c^r{l — Ap). Therefore, to a very good 

approximation, the relation (|10.3| ) can be written as 

where the hard mf dependence has nearly disappeared (it is only present in p, where the effect 
is about 1%). We can then conclude that the tree- level determinations of M^r and the weak 
mixing angle are in fact very accurate, provided one incorporates the QED correction Aa and 
the effective is used. This explains the excellent results we have obtained in Sect. 



10.3 Improved Born Approximation 

It is possible to understand nearly all electroweak effects at the Z peak, by using the simplified 
(tree-level like) formulae: 

T{Z^ff)^^pNf{l + vj), (10.14) 



with 
and 



s - M| + isTz/Mz 

T/(l-4|g/|s^), a,^T/, Ap ^ Ap- = = 0.0096 (p^)', (10.16) 





This "Improved Born Approximation" works with a precision better than 1% (compared 
with the exact loop results), except for the Zbb vertex that we will discuss next. 



10.4 The Z ^bb vertex 

The Zff vertex gets 1-loop corrections where a virtual is exchanged between the two 
fermionic legs. Since, the coupling changes the fermion flavour, the decays Z dd, ss, bb 
get contributions with a top quark in the internal fermionic lines, i.e. Z ^ tt ^ didi. Notice 
that this mechanism can also induce the flavour- changing neutral-current decays Z didj with 
i ^ j- These amplitudes are suppressed by the small CKM mixing factors |VJjVJ*p. However, 
for the Z —>^bb vertex, there is no suppression because \ Vtb\ ~ 1 (see Sect. |Tl|). 

The explicit calculation [^, Q shows the presence of hard mf corrections to the Z ^ bb 
vertex. This effect can be easily understood in non-unitary gauges where the unphysical 
charged scalar 0*^^^ is present. The Yukawa couplings of the charged scalar to fermions are 



proportional to the fermion masses; therefore, the exchange of a virtual 0^^-' gives rise to a 
factor. In the unitary gauge, the charged scalar has been "eaten" by the field; thus, the 
effect comes now from the exchange of a longitudinal W^, with terms proportional to q'^q" in 
the propagator that generate fermion masses. 

Since the couples only to left-handed fermions, the induced correction is the same for 



the vector and axial- vector Zbb couplings |27 



ST(Z ^bb) 'fm^2\ , , 

Sb ^ rrl ^ -5 X 10"^ t77 " ^ • (10-18) 



The second line is just a fit to the exact numerical result, which works better than 1% in the 
range of rrit between 90 and 230 GeV. 

The "non-decoupling" present in the Zbb vertex is quite different from the one happening 
in the boson self-energies. The vertex correction does not have any dependence with the 
Higgs mass. Moreover, while any kind of new heavy particle coupling to the gauge bosons 
would contribute to the W and Z self-energies, the possible new physics contributions to the 
Zbb vertex are much more restricted and, in any case, different. Therefore, an independent 
experimental test of the two effects would be very valuable in order to disentangle the possible 
new physics contributions from the SM corrections. In addition, since the "non-decoupling" 
vertex effect is related to M/^-exchange, it is sensitive to the SSB mechanism. 

Theoretically, the cleanest way to separate the vertex correction Sb would be through the 
ratio r{Z —>■ bb)/T[Z — ^ ss) ~ 0.9949(1 -|- 5h)- Except for the small kinematical correction 
due to the different final masses, all other corrections cancel. Unfortunately, it is quite difficult 
to make an accurate selection oi Z ^ ss events. Therefore, the ratio Rh is usually used in 
the experimental analysis. Although there is some cancellation between the 5b contributions to 
Z ^bb and Z — > hadrons, the sensitivity of Rb to the vertex correction is still quite good, while 
the main QCD corrections cancel [0. Another possibility would be to measure the ratio of 



Z ^ bb events to Z ^ uu + dd + ss + cc |31| , where only the numerator gets a db contribution; 
this would require a very good efficiency for selecting bb events. 

10.5 SM electroweak fit 

The partial widths of the Z into leptons, the leptonic forward-backward asymmetries, the r 
polarization Ap^i and the r polarization asymmetry Ap^ p^j, can all be combined to determine 
effective vector and axial-vector couplings of the three charged leptons. The asymmetries 
determine the ratio Vi/ai, while the sum [vf + of) is derived from 

= f^(i./r+ia,n(i+0' (10-19) 

where 5^^^ = 3a/ (47r) accounts for the final-state photonic corrections. The signs of vi and ai 
are fixed by requiring < 0. 

Table § gives the averaged results obtained from the present LEP data |19|. The 68% 



probability contours in the ai-vi plane are shown in Fig. ^. The measured ratios, 
^ = 0.83 ±0.16, — = 1.044 ±0.091, ^ = 1.0014 ± 0.0021 , — = 1.0034 ± 0.0023 , 

X^g ^6 

(10.20) 

provide a test of charged-lepton universality in the neutral-current sector. 

The neutrino coupling can also be determined from the invisible Z-decay width, by assum- 
ing three identical neutrino generations with left-handed couplings, and fixing the sign from 



Table 4: Measured effective vector and axial-vector couplings of the charged leptons. The 
last column gives the averaged results, assuming lepton universality. 
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Figure 3: 68% probability contours in the ai-vi plane. The solid contour assumes lepton uni- 
versality. The shaded band represents the SM prediction. (Taken from Ref. ||T9[| ) 



neutrino scattering data |3^. The resulting experimental value |T9[ 



-0.5011 ±0.0018 



:io.2ii 



is in perfect agreement with the SM. Alternatively, one can use the SM prediction for Finv to 
get a determination of the number of (light) neutrino flavours, = 2.988 ± 0.023 ||19|| . 

The measured leptonic asymmetries can be used to obtain the effective electroweak mixing 
angle in the charged-lepton sector JTU 



sm 



1-^ 

ai 



0.2317 ±0.0007. 



'10.221 



Since the hadronic asymmetries have a reduced sensitivity to corrections particular to the 
hadronic vertex, sin^ 9^^^^ can also be extracted from the quark forward-backward asymme- 



tries. The measured values of Ap^ and Ap^ imply sin^ 9^^^^ 



hadronic charge asymmetry {Qfb) gives 0.2320 ±0.0016 |jT9|. 
agreement, giving and average of 0.2321 ± 0.0004. 
A slightly smaller value, 

0.2294 ±0.0010 



sm 



eflf 



= 0.2325 ± 0.0006, while the total 
The three LEP values are in good 



^10.23) 



is obtained from the measurement of ^lr, performed at SLC 



with the LEP determination, one gets sin 9^ 



2 /ilept 



eff 



Making a global average 
0.2317 ± 0.0004 with a xVd-o.f. = 9.0/6. 
Including the full SM predictions at the 1-loop level, the Z measurements can be used 
to obtain information on the SM parameters. Figs. § and ^, taken from Ref. |jT9|, compare 
different LEP measurements with the corresponding SM predictions as a function of mj. The 
parameters Mh and as{M'^) have been taken in the ranges 60 GeV < Mh < 1000 GeV and 
as{M'^) = 0.123 ± 0.006. For the comparison of Rb with the SM the value of Rc has been fixed 
to the SM prediction. The overall agreement is very good; moreover, the different observables 
determine a similar range of rrit. Only the ratios R^ and Rc seem to be slightly off. 
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Figure 4: Comparison of LEP measurements with the SM prediction as a function of nxi. The 
cross-hatched area shows the variation of the SM prediction with Mn spanning the interval 
60 GeV < Mu < 1000 GeV and the singly-hatched area corresponds to a variation of ^^(Ml) 
within the interval asiM"^) = 0.123 ± 0.006. The total width of the band corresponds to 
the linear sum of both uncertainties. The experimental errors are indicated as vertical bands. 
(Taken from Ref. ITI 



Table ^ shows the constraints obtained on rrit and as{M^), from a global fit to the elec- 
troweak data The fitted value of the top mass is in perfect agreement with the CDF 

measurement, = 174 ± IOII2 GeV p3|. Moreover, the extracted value of the strong cou- 



pling agrees very well with direct determinations from event shape measurements, as(M|) = 
0.123 ± 0.006 [|], or r decay, = 0.119 ± 0.004 |33|. 

Taking the central values for and as(M|), the SM fit implies Rb = 0.2158 and Rc = 0.172. 
The discrepancy with the measured asymmetries Rb = 0.2202±0.0020 and Rc = 0.1583±0.0098 
is at the 2.2a and —lAa level, respectively. The agreement between Rb and its SM prediction 
improves to l.Qcr if Rc is fixed to the SM value of Rc = 0.171 (there is a strong correlation 
between both hadronic asymmetries). In this case, one obtains Rb = 0.2192 ± 0.0018 |jl9 



Although it is still premature to extract any conclusion from this small (and statistically not 
significant) discrepancy, it is certainly an important thing to keep in mind, in view of the special 
role played by the Zbb vertex. 

Since the main Mh dependence is only logarithmic, it is not possible to extract information 
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Figure 5: Same as Fig. H. 



on M//, without a direct measurement of mj. If the CDF value of mt is used as an additional 
constraint on the electroweak fit, the observed Ax^ = — '}(^^^^ curve exhibits a minimum for 
low values of M^. However, at 95% CL the entire range of up to 1000 GeV is allowed. 



11 Quark Mixing 

Our knowledge of the charged- current parameters is unfortunately not so good as in the neutral- 
current case. In order to measure the CKM matrix elements, one needs to study semileptonic 
weak decays H — > H'Wi, associated with the corresponding quark transition dj —>■ Uil'vi. Since 
quarks are confined within hadrons, the decay amplitude 

T[H ^ H'lvi] ^ ^ V,, (if'|M,,7^(l - l,)d^\H) h^{l - ^,)vi (11.1) 

always involves an hadronic matrix element of the weak left current. The evaluation of this 
matrix element is a non-perturbative QCD problem and, therefore, introduces unavoidable 
theoretical uncertainties. 

Usually, one looks for a semileptonic transition where the matrix element can be fixed at 
some kinematical point, by a symmetry principle. This has the virtue of reducing the theoretical 
uncertainties to the level of symmetry-breaking corrections and kinematical extrapolations. The 



Table 5: Values of mt and q;s(M|) obtained from a global fit to present electroweak precision 
data |T9[. No external constraint on a;s(M|) has been imposed. The central values and the 
first errors quoted refer to Mh = 300 GeV. The second errors correspond to the variation of 
the central value in the interval 60 GeV < < 1000 GeV. The bottom part of the table lists 
derived results for the effective leptonic electroweak mixing angle, 1 — M^/M| 



and Mw. 





LEP 
only 


LEP 

± pp and uN data 


LEP 

± pp and uN data ± ^lr 


mt (GeV) 
«s(M|) 


1 70 +12 +18 
' -13 -20 

0.126 ±0.005 ±0.002 


1 71 +11 +18 
^ ' ^ -12 -19 

0.126 ±0.005 ±0.002 


1 78 +11 +18 
J^'^-11 -19 

0.125 ±0.005 ±0.002 


xVd.o.f. 


7.6/9 


7.7/11 


15/12 


sin^^r 
1 - M^/Ml 

Mw (GeV) 


0.2322 ±0.0004 t^o^ol 
0.2249 ± 0.0013 i|];[j[J^i 
80.28 ± 0.07 1[J:S^ 


0.2323 ± 0.0003 ^[J:^][j[J^ 

0.2250 ± 0.0013 
80.27 ± 0.06 


0.2320 ±0.0003 l[J:ooo2 
0.2242 ± 0.0012 
80.32 ±0.06 



standard example is a ^0 decay such as K ^ tcIu, D —>■ Klv or B ^ Dlv. Only the 
vector current can contribute in this case: 

{P\k')\ua^d,\P{k)) = Cpp, {{k ± A;')^/+(t) ± (A; - A;')^/-(t)} . (11.2) 

Here, Cppi is a Clebsh-Gordan factor and t = {k — k'Y- The unknown strong dynamics is fully 
contained in the form factors f±{t). In the massless quark limit, the divergence of the vector 
current is zero; thus, /-(t) = and, moreover, /+(0) = 1 because the associated flavour charge 
is a conserved quantity. Therefore, one only needs to estimate the corrections induced by the 
finite values of the quark masses. 

Since {k — /c')^Z7^(l — 75)//; ~ mi, the contribution of /-(t) is kinematically suppressed in 
the e and modes. The decay width can then be written as 

TiP^P'lu) = ^gy^|V.,f C^p,|A(0)PJ(1±5hc), (11.3) 

where 5rc is an electroweak radiative correction factor and X denotes a phase-space integral, 
which in the mi = limit takes the form 

The usual procedure to determine \Vij\ involves three steps: 

1. Measure the shape of the t distribution. This fixes the ratio |/+(t)//+(0)| and therefore 
determines X. 

2. Measure the total decay width P. Since is already known from /x decay, one gets then 
an experimental value for the product |/+(0)| \ Vij\. 

3. Get a theoretical prediction for /+(0). 

The important point to realize is that theoretical input is always needed. Thus, the accuracy 
of the \ Vij\ determination is limited by our ability to calculate the relevant hadronic input. 
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11.1 V„rf 



The most accurate measurement of Vud is done with superallowed nuclear (3 decays of the Fermi 
type [O"*" —>■ 0~^], where the nuclear matrix element {N'\u'j'^d\N) can be fixed by vector-current 
conservation. The CKM factor is obtained through the relation 



2 7rMn2 (2984.4 ± 0.1) s 



where the factor ft denotes a "comparative half-life" corrected for phase-space and Coulomb 



effects In order to obtain \Vud\, one needs to perform a careful analysis of radiative 

corrections [^], including both short- distance contributions Ainnor = 0.0234 ± 0.0012, and 
nucleus-dependent corrections Aouter = ^rc — Ainner- These radiative corrections are quite 
large, (5rc ~ 3-4%, and have a crucial role in order to bring the results from different nuclei 
into good agreement. The final result quoted by the Particle Data Group M is 



0.9744 ±0.0010. (11.6) 



An independent determination can be obtained from neutron decay, n —>■ pe~Ve- The axial 
current also contributes in this case; therefore, one needs the experimental determination of 
the axial coupling qa = 1.2573 ± 0.0028 The measured neutron lifetime, r„ = 887.0 ± 2.0 s, 
implies |]3^ : 

f (4904.0 ±5.0) sV^^ 
= n , o 2N = 0-981 ± 0-002 , 11.7 

which is bigger than ( |11.6|) . Thus, a better measurement of and r„ is needed. 

The pion /9-decay vr"*" n^e'^Ve offers a cleaner way to measure \Vud\- It is a pure vector 
transition, with very small theoretical uncertainties. Unfortunately, owing to the kinematical 
suppression, it has a small branching fraction. The present experimental value is not very 
precise, Br=(l. 025 ± 0.034) x 10"®; it implies \Vud\ = 0.968 ±0.018. An accurate measurement 
of this transition would be very valuable. 



11.2 V„ 



The decays — > tt^I^ui and n^l^ui are ideal for measuring \ Vus\, because the relevant 

hadronic form factors are well understood. SU{3) breaking corrections are very suppressed 
[P7|] and isospin violations can be easily taken into account: (0) = 1 ± 0[{ms — m^)^]; 

f+^^°{0) = 1 ± 3(m(i — niu)/ {Arris — 2m„ — 2mrf) ± . . . Moreover, higher-order corrections 
have been estimated [Q, using Chiral Perturbation Theory methods [^, The resulting 
values g, /:^''''"(0) = 0.977 and /:^''^''(0)//:|^''^~ (0) = 1.022, should be compared with the 
experimental ratio [g |/^^''°(0)//:^°^'(0)| = 1.028 ± 0.010. The accurate calculation of these 
quantities allows to extract EOl a precise determination of \Vus\- 



0.2196 ±0.0023 
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The analysis of semileptonic hyperon decay data can also provide information on \Vus\- 
However, the theoretical uncertainties are much larger, owing to the first-order SU (3)-breaking 
effects in the axial- vector couplings |41]. The Particle Data Group [g quotes the result \Vus\ = 



0.222 ± 0.003. The average with (|11.8|) gives the final value: 



0.2205 ±0.0018 



(11.9) 



11.3 V,rf and V,, 



The value of \Vcd\ is deduced from deep inelastic z/^ and z/^ scattering data, by measuring 
the dimuon production rates off valence d quarks; i.e. z/^ci —>■ fi~c with the charm quark 
detected through c — > ^i^v^d or ii'^v^s. One gets in this way, the product i?c|K;dP = 
(0.47 ± 0.05) X 10~^, where B^. is the average semileptonic branching fraction of the produced 
charmed hadrons. Using Be = 0.113 ± 0.015 M, yields 



^cd\ 



0.204 ±0.017. (11.10) 



Similarly, one could extract \Vcs\ from u^s fi~c data. The resulting values depend, 
however, on assumptions about the strange quark density in the parton-sea. Making the con- 
servative assumption that the strange quark-sea does not exceed the value corresponding to an 
SU{3) symmetric sea, leads to the lower bound |Q |V^s| > 0.59. 



Better information is obtained from the decay D Ke^Ve- The measured t distribution 
can be fitted with the parametrization f^{t)/f^{0) = M'^/{M'^ - t) and M = 2.1 GeV; this 
determines the corresponding integral I. Using r{D — >■ Ke'^i'e) = (0.762 ± 0.055) x 10^^ s~^, 
one gets : 

|/+(0)||Vcs| = 0.704 ±0.026. (11.11) 

The status of our theoretical understanding of charm form factors is quite crude. The symmetry 
arguments are not very helpful here, because the charm-quark mass is too heavy for using the 
SU{4) massless limit, and, at the same time, is too light to believe the naive results obtained 
in the limit rric oo. Symmetry-breaking corrections are very important. The conservative 
assumption |/+(0)| < 1, implies \Vcs\ > 0.62. The Particle Data Group takes the range 
I/+ (0)1 = 0.7 ± 0.1, which covers the main part of the existing calculations, and quotes: 

\Vcs\ = 1.01 ±0.18. (11.12) 

Theoretical uncertainties are largely avoided by taking ratios, such as r{D 'kIvi)/T{D — > 
Kli^i), where the form-factor uncertainty is reduced to the level of SU{3) breaking. The present 
measurements of the D tt/z/; decays are still too poor to be competitive. However, a 1% 
measurement of these semileptonic ratios seems possible at a future tau-charm factory; this 
would allow a precise determination of |V^d|/|K;s| 



11.4 and V^b 



Assuming that the inclusive semileptonic decay width of a bottom hadron is given by the 
corresponding quark decay b — >• c/z//, the magnitude of \Vcb\ can be determined from the ratio 
of the measured semileptonic branching ratio and lifetime. However, since r(6 — clui) oc ml, 
this method is very sensitive to the not so well-known value of the 6-quark mass. Moreover, 
higher-order QCD corrections are sizeable. A recent experimental summary |^3[ quotes the 
resuhs: \Vcb\ = 0.039 ± 0.001 ± 0.005 from T(45) data, and \Vcb\ = 0.042 ± 0.002 ± 0.005 from 
LEP data, where the second error gives an educated guess of the theoretical uncertainty. 

The cleanest determination of \Vcb\ uses the decay B — > D*Wi where the relevant 



hadronic form factor [J-'{vb ■ Vo*)] can be controlled at the level of a few per cent, close to the 
zero-recoil region. In the infinite B-mass limit, the normalization of this form factor at zero 



recoil is fixed to be one, and the leading 1/M corrections vanish ||5| due to heavy-quark sym- 
metry; thus the theoretical uncertainty is of order 1/M^ and therefore in principle small. The 
calculated short-distance QCD corrections and the present estimates of the 1/M^ contributions 
resuh in J^(l) = 0.93 ± 0.03 [||], implying 



iVcfel = 0.040±0.003. (11.13) 



The present determination of iV^bl is based on measurements of the lepton momentum 
spectrum in inclusive B XgWi decays, where Xq is any hadronic state containing a quark 
q = COT u. The method is very sensitive to the assumed theoretical spectrum near the kinematic 
limit for B DWi. Using different models to estimate the systematic theoretical uncertainties, 
the analyses of the experimental data give |g] 

\Vub/V,b\ = 0.08 ±0.02. (11.14) 

Eq. ([TrT3| ), implies then iKfcl = 0.003 ± 0.001. 



11.5 Unitarity 

The present status of direct Vij determinations can be easily summarized: 

• The light-quark mixings \ Vud\ and |V^s| are rather well-known (0.1% and 0.8% accuracy, 
respectively). Moreover, since the theory is good, improved values could be obtained with 
better data on semileptonic vr"*" and K decays. 

• \Vcd\ and \ Vcs\ are very badly known (8% and 18% accuracy, respectively). This could be 
largely improved at a tau-charm factory. Much better theoretical input is needed. 

• \Vcb\ and \Vub\ are also badly known (8% and 33% accuracy, respectively). However, 
there are good theoretical tools available. Thus, better determinations could be easily 
performed at a B factory. 

• Nothing is known about the CKM mixings involving the top quark. 

The entries of the first row are already accurate enough to perform a sensible test of the 
unitarity of the CKM matrix: 

iKdl' + lK^I' + lKfeP = 0.9981 ±0.0027. (11.15) 

It is important to notice that radiative corrections play here a crucial role. If one uses \Vuj\ 
values determined without radiative corrections, the result ( |11.15| ) changes to 1.0384 ± 0.0027, 
giving an apparent violation of unitarity (by many cr's) [Q. 

Imposing the unitarity constraint = V'^V = 1 (and assuming only three generations) 

one can get a more precise picture of the CKM matrix. The 90% confidence limits on the 
magnitude of the CKM matrix elements are then M : 



0.9747 to 0.9759 0.218 to 0.224 0.002 to 0.005 
0.218 to 0.224 0.9738 to 0.9752 0.032 to 0.048 
0.004 to 0.015 0.030 to 0.048 0.9988 to 0.9995 



:il.l6) 



The ranges given here are slightly different from (but consistent with) the direct determinations 
mentioned before. 

The resulting CKM matrix shows a hierarchical pattern, with the diagonal elements being 
very close to one, the ones connecting the two first generations having a size A = \Vus\ = 
0.2205 ± 0.0018, the mixing between the second and third families being of order A^, and the 
mixing between the first and third quark flavours having a much smaller size of about A'^. It is 



1 



-A 



then quite practical to use the approximate parametrization [0: 

y 

2 

AX^l-p-i7]) -AX^ 
where A = \Vcb\/\^ = 0.82 ± 0.06, and 



pZ _|_ j^Z 



cb 



AX^{p - ir]) 

AX^ 
1 



+ o (a^) 
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0.36 ±0.09 



11.6 Indirect determinations 

Additional information can be obtained from flavour-changing neutral-current transitions, oc- 
curring at the 1-loop level. An important example is provided by the mixing between the 
meson and its antiparticle. This process occurs through the exchange of two W^s between the 
fermionic lines, the so-called box diagrams. The mixing amplitude is proportional to 



E 



V,,V*,V*,V^,S{r,,r,) 



:il.l9) 



where S{ri,rj) is a loop function which depends on the masses [r, = mf/M^^] of the up- 
type quarks running along the internal lines. Owing to the unitarity of the CKM matrix, 
the mixing amplitude vanishes for equal (up-type) quark masses (GIM mechanism); thus the 
effect is proportional to the mass splittings between the u, c and t quarks. Since the different 
CKM factors have all a similar size, V^^V*^, ~ V^^V^i, ~ V^^V^l ~ AX^, the final amplitude is 
completely dominated by the top contribution; i.e. {B^\H\Bo) ~ \Vtb\^S{rt,rt). 
One can then determine | Vtd \ from the measured mixing Xd 



0.76±0.06 48 



Unfortunately, one also needs to know the hadronic matrix element of the 4-quark operator 
(6i7'^(ii)(6L7^(ii) between the 5° and B^ states. This is again a non-perturbative QCD prob- 
lem, which introduces a big theoretical uncertainty. The most recent analysis gets: 



'td\ 



n nn? +0-003 

U.UU/ _0.002 5 
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in good agreement with (but more precise than) the value obtained from the unitarity constraint 
in Eq. (|11.16|) . In terms of the (p, r]) parametrization of Eq. (|1 1 . 1 7|) , this gives 



td 



XV, 



cb 



0.8 



:ii.2ii 



q 



u, c, t 
— > — 



b 



w; 
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Figure 6: B^-B^ mixing diagrams. 



Notice that together with ( |11.18| ), this result imphes t] ^ 0; although errors are still too large 
to make any strong statement. Thus, if CKM unitarity is assumed, it is possible to establish 
the existence of CP violation from CP conserving measurements. A more direct constraint on 
the parameter rj is provided [H9|| by the measured CP violation in the K^-K^ system, Sx- 



12 Charged- Current Lepton Universality 



In the SM, the W couples with the same strength g/{2\/2) to all charged fermionic currents 
(up to CKM mixing factors in the quark sector) . The universality of the leptonic couplings can 
be easily tested, by allowing these couplings to depend on the considered lepton flavour and 
comparing several leptonic and semileptonic decays. 

The ratio Re/^ of the two semileptonic tt" decay modes is proportional to \ge/ gp,^^. 

From Eq. (|2.8|), one inmediately gets: 



1.0021 ±0.0016. 
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A less accurate value, Ig^/gd = 
0.017 §, where B^^i = T{t- 
Comparing r(r^ — * e'Uei^T 



1.004±0.009, is obtained from the ratio i?^^^/i?^^e 
I and r(yU~ — > e'Ue^p) [see Eq. ( p.3|) ], one can test gr 



0.9800± 



Br- 



Tpmlf{ml/ml 



[1 + 5^ 



1/2 



RCJ 



rTnl f{ml/ml) (1 + 5p 



0.997 ±0.007. 
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Other (less precise) tests of lepton universality are obtained from pp collider data on leptonic W 
decays, and from the ratio of the T[t~ — >• PrT^~ {K~)] and r[7r~(i^~) — >• decay widths |^ . 

The V — A structure of the r charged current can also be studied, following the same kind 
of analysis performed for decay (see Sect. pA|) . Unfortunately, the data is still not accurate 
enough to determine the interaction. Assuming that the rUrW vertex is a linear combination 
of vector and axial currents, gy^V^ — g^^^A^, and using the SM V — A form for the other W 



couplings, one gets the constraints p0| , |51[] : 



(r) 

9v 



9a 



(t) , (r) 

9v +9a 



< 0.37 (95%CL), 



9v' 



+ 



(r) 
9 A 



1.022 ±0.041. 
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13 Summary and Outlook 

The SM provides a beautiful theoretical framework which is able to accommodate all our present 
knowledge on electroweak interactions. It is able to explain any single experimental fact, and in 
some cases, such as the neutral-current sector, has succesfuUy passed very precise tests at the 
0.1% to 1% level. However, there are still pieces of the SM Lagrangian which so-far have not 
been experimentally analyzed in any precise way. Moreover, the SM leaves many unaswered 
questions and contains too many free parameters to qualify as an ultimate fundamental theory. 
Clearly, new physics should exist. 

The discovery of the top quark |2^ is awaiting confirmation. In addition to complete the 
SM fermionic structure in the third generation, an accurate measurement of mt is needed to 
improve the significance of present neutral-current analyses at the Z peak. Together with 
a much better meaurement of T{Z bb), that would provide a non-trivial consistency test 
of the SM at the quantum level, including effects related with the longitudinal gauge-boson 
polarization. 



The gauge self-couplings will be investigated at LEP II, through the study of the e+e~ — > 
W~^W~ production cross-section. The V — A (t/e-exchange in the t channel) contribution gen- 
erates an unphysical growing of the cross-section with the centre-of-mass energy, which is com- 
pensated through a delicate gauge cancellation with the e~^e~ — > 7, Z ^ W'^W~ amplitudes. 
This offers a good way to test the gauge-boson self-interactions. The study of this process will 
also provide a more accurate measurement of M^, allowing to improve the precision of present 
LEP I analyses. 

The Higgs particle is the main missing block of the SM framework. The present experimental 
lower bound is |@] 

Mj^>58.4GeV (95% CL). (13.1) 

LEP II first and later LHC will try to find out wether such scalar field exists. Note that the 
present succesful tests of the po = 1 prediction only provide a confirmation of the assumed 
pattern of SSB, but do not prove the minimal Higgs mechanism embedded in the SM. 

The Higgs width increases very fast with its mass [T{H W^W~ , ZZ) ~ GpMfj]. At 
Mff ~ 1 TeV, Th ~ Mh', thus a heavy Higgs would look experimentally like a very broad 
resonant structure rather than as a "fundamental" peak. In fact, since the |0|^ coupling 
grows with {h ~ Mjj), at such large masses the Higgs interactions are very strong. For 
Mh > V2v ^ 348 GeV, /i > 1 and the SM enters into a non-perturbative strong-coupling 
regime. A naive resummation of higher-order corrections to the |0|^ vertex generates an effec- 
tive "running" coupling h{s), which grows with the energy scale and blows up (Landau pole) 
at ^/s ~ vexp {—3Mfj / {Att'^v'^)} . The perturbative predictions become completely meaningless 
above s ~ Mh ~ 815 GeV. A similar phenomenon happens in the scattering of longitudinal 
gauge bosons, where the tree-level W^W^ — ^ W^Wi amplitude violates the unitarity limit for 
Mfj > 713 GeV; higher-order contributions (which obviously would restore unitarity) are then 
huge, indicating again a non-perturbative regime. Thus, the experimental investigation of the 
SSB mechanism at higher-energy machines could provide hints of completely new phenomena. 

The family structure and the pattern of fermionic masses and mixings constitute a "terra 
incognita", where we know nothing else than the empirical determinations of the relevant 
parameters. Flavour factories (such as kaon, tau-charm, B or even a futuristic top factory) are 
needed in order to make an accurate investigation of the properties of the different fermionic 
flavours. A precise (and overconstrained) measurement of the quark-mixing parameters would 
allow to test the unitarity structure of the CKM matrix. 

CP-violation offers an interesting window into possible new physics. The tiny violation of 
the CP symmetry observed in the kaon system, can be parametrized through the CKM phase. 
However, a fundamental explanation of the origin of this phenomena is lacking. In the SM, all 
CP-violating effects should be explained by a single parameter ^13; moreover, any signal should 
disappear in the limit where any two equal-charge quarks become degenerate in mass (the CP 
phase could then be rotated away by a field redefinition). Thus, the SM makes very precise 
predictions for CP-violating observables, which should be tested in appropriate experiments. 

Finally, the possibility of non-zero neutrino massess, and the associated lepton-fiavour vi- 
olation phenomena, should be investigated. Moreover, a better knowledge of the r-neutrino 
properties is required. The existence of the Ur as a different neutrino flavour can be inferred 
from the measured invisible Z width; however, so far, nobody has been able to detect a single 
i>r interaction. 

Clearly, we need more experiments in order to learn what kind of physics exists beyond the 
present SM frontiers. We have, fortunately, a very promising and exciting future ahead of us. 
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